Studies of biological variation provide insight into the physiological changes that occur within and between study participants. Values obtained from such investigations are important for patient monitoring and for establishing quality specifications. In this study we evaluated the short-term biological variation of 38 chemistry, lipid, enzyme, and protein analytes in a pediatric population, assessed the effect of age partitions on interindividual variation, and compared the findings to adult values.
ence change value calculations, clarify the appropriateness of reference interval use, and aid in the development of quality management strategies specific to pediatric laboratories.
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Biological variation is an important factor to be considered when interpreting laboratory test results in a clinical setting. Studies of biological variation provide insight into the physiological changes that occur within and between individuals for a given analyte. Although several studies have explored biological variation in adult populations, few studies have examined these attributes in pediatric samples. This information is crucial in result interpretation for 3 key reasons. First, within-and between-person biological variation can be used to establish reference change values (RCV), 4 which provide the information required to determine if a change in concentration of a specific analyte qualifies as clinically significant (1 ) . Establishing the usual amounts of observed analyte fluctuation by use of within-and between-person biological variation is central to longterm monitoring and follow-up of children. It is also an especially important consideration for analytes with cyclical rhythms for which the time of collection may affect the expected reference interval (2 ) .
The second reason why information is important is that information on biological variation can be used to establish quality specifications (2 ) such as bias, precision, and total allowable error (TE). These specifications can have important implications for result interpretation. For example, in adult populations, changes in bias can affect how many low-risk individuals are diagnosed with diabetes (3 ) or how many individuals with cholesterol values within reference intervals are further investigated or sent for treatment (4 ) . Although the same misclassifications are likely present in pediatric cohorts, data are lacking.
Although there are several ways to establish quality specifications, a consensus statement states that the use of biological variation is the preferred method (5 ) . According to the hierarchy, a model based on biological variation is second only to one in which quality specifications are determined on the basis of the effect of analytical performance on specific clinical decision-making. However, the latter approach can be incredibly time-consuming and difficult (5 ) and therefore, biological variation represents both the most rigorous and the most efficient means by which to establish quality specifications.
Finally, biological variation can provide important insight into the usefulness of reference intervals for different laboratory tests. Specifically, biological variation data can be used to generate the index of individualitythe ratio of within-to between-individual variation for a given analyte. Although a high index of individuality (Ͼ1. 4) suggests that the use of reference intervals would be appropriate, a low index of individuality (Ͻ0.6) suggests that other tools such as RCVs should also be taken into consideration (6 ) .
Clearly, the production of data on biological variation can generate a wealth of information not only regarding the physiological changes that occur within and between individuals, but also on what quality specifications are appropriate for a given test and how and when to use reference intervals. Although such data are evidently valuable, there is a clear lack of information on biological variation in pediatric populations. As such, in this study we aimed to evaluate the short-term (8 h) biological variation of 38 chemistry, lipid, enzyme, and protein analytes in a pediatric population of 29 healthy children age 4 -18 years. The within-and between-person biological variation (CV I and CV G ) for these analytes were estimated and the effects of age-specific partitions on between-person variation were assessed. Differences in biological variation between adult and pediatric populations were also evaluated. RCVs and indices of individuality were generated for each of the 38 analytes and, finally, the estimates of biological variation were used to generate analytical goals.
Materials and Methods

STUDY PARTICIPANTS
Healthy community children were recruited to take part in this 1-day (9:30 -17:30) study via the Canadian Laboratory Initiative on Paediatric Reference Intervals (CALIPER) outreach program (7 ) . The study was completed at The Hospital for Sick Children in Toronto, Canada, with institutional ethics board approval. Before participation, the health of each child was confirmed via interview and by health and lifestyle questionnaires, with specific exclusion criteria as described (7 ) . Children were instructed to fast overnight for at least 8 h before the study. A total of 30 children ages 4 -18 years were recruited; 1 child was removed from the study owing to an inability to obtain sufficient samples at all time points. The demographics of the children have been previously reported (8 ) . For each participant, blood was drawn at 4 time points, with a mean time period of approximately 2.5 h between each collection. Sample collection was performed after overnight fast, midmorning after breakfast, within 2 h after lunch, and late afternoon. After collection into serum separator tubes, all samples were processed by the clinical chemistry laboratory and stored at Ϫ80°C until batch testing.
ANALYTICAL PROCESSING
To avoid multiple freeze-thaw cycles and to minimize analytical variability, all 38 assays were run on all samples from each child within the same day. Assays were completed in batches on the Cobas Integra 400 (Roche) [␣-1 antitrypsin (A1AT), ␣-1 acid glycoprotein (AGP), complement component 3 (C3), C4, ceruloplasmin, C-reactive protein (CRP), haptoglobin, IgG, IgA, IgM, soluble transferrin receptor (STfR), transferrin] and the VITROS 5,1 FS chemistry systems analyzer (Ortho Clinical Diagnostics) [albumin, alkaline phosphatase (ALP), alanine aminotransferase (ALT), amylase, aspartate aminotransferase (AST), unconjugated bilirubin, calcium, cholesterol, creatine kinase (CK), chloride, CO 2 , creatinine, iron, ␥ glutamyl transferase (GGT), glucose, HDL cholesterol (HDL-C), potassium, lactate dehydrogenase (LDH), magnesium, sodium, phosphate, total bilirubin, total protein, triglyceride, uric acid, urea] over a 3-day period, with samples from 9 -10 individuals run per day. All assays were performed according to the manufacturers' recommendations. Before use, both analyzers were calibrated using manufacturer-provided reagents and calibrators. QC materials and 2 patient samples of known analyte concentrations were run with each batch. Analytical specifications for the 38 analytes tested have already been published (7 ).
STATISTICAL ANALYSIS
SPSS Statistical Software (version 21, IBM), EP Evaluator (version 9), and GraphPad Prism (version 4.0) were used for data analysis. Data from males and females were analyzed together. All data followed a gaussian distribution (8 ) . Outliers were eliminated by use of the Tukey method, which defines an outlier as 1.5 interquartile ranges below the 25th percentile or above the 75th percentile (9 ) .
Within-and between-person biological variation were calculated using GraphPad Prism and STATA and expressed as CVs CV I and CV G , respectively. CV G was estimated using a nested ANOVA. CV I was estimated by averaging the CV for each child, defined as the square root of the variance in results divided by the mean concentration for that individual, across all individuals. In contrast to estimates of CV I , for which the overall mean is used [e.g., (10 ) ]. This approach is more appropriate for situations in which the overall mean is not representative of the mean for each individual. Both within-and between-person biological variation contain components of biological and analytical variation, which were minimized through experimental design and removed mathematically by subtracting the between-day CV (CV dd ) or the total CV (CV A ), respectively. Analytical CV was calculated using QC material run concurrently with the collected samples. The index of individuality (II), RCV, and analytical goals including imprecision, bias, and total allowable error, were calculated as follows: When statistically indicated, the population of children was partitioned according to age on the basis of previously determined CALIPER reference interval age partitions (7 ) . To determine whether CALIPERdetermined age partitions were appropriate for this substudy population, a Student t-test and F-test were performed on analytes containing 2 age partitions (uric acid, HDL-C, CRP, urea, ALT, haptoglobin, IgG), whereas a 1-way ANOVA and Bartlett test were performed on analytes containing 3 or more age partitions (total bilirubin, CO 2 , creatinine, phosphate, ALP, AST, LDH, albumin, total protein, and IgA) to identify significantly different group means or variances, respectively. Reference intervals were not available for AGP, A1AT, bilirubin (unconjugated), ceruloplasmin, CK, chloride, glucose, potassium, sodium, and STfR (7 ) .
Adult values for CV I and CV G were obtained from the Westgard Biological Variation database (12 ) . This database is an updated compilation of multiple papers examining biological variation in adult populations (13 ) . The weighted-mean CV G across pediatric age partitions was used for the pediatric cohort. Pediatric to adult CV I , CV G , RCV, and total allowable error (TE) ratios Ͻ0.5 or Ͼ1.5 were arbitrarily defined as being significantly different.
Results
A total of 29 children ages 4 -18 years (13 male, 16 female) were recruited to participate in this 1-day (8-h) study. Before participation, the health of each child was ensured through an interview as well as health and lifestyle questionnaires. Participants were instructed to fast for at least 8 h before the study. Each child was sampled at 4 time points with approximately 2.5 h between each sampling, yielding 116 data points for each analyte; a total of 38 analytes were examined, yielding 4408 analytical results.
To correctly estimate CV G , it was necessary to partition children by age for 6 of the 38 analytes, specifically ALP, AST, creatinine, LDH, phosphate, and uric acid ( Fig. 1, panel A) . Suitable age partitions for this cohort were derived from the CALIPER database, as recently described (14 ) . To determine whether age partitioning was necessary to minimize CV G , children were partitioned by age, and the mean concentration and variance of each age group was compared statistically, as described in Methods. Partitioning by age did not significantly affect CV G for HDL-C, CRP, albumin, total bilirubin, and IgG (Fig. 1B) . Table 1 lists the CV A , between-run CV, and CV dd CVs, the CV I and CV G , the II, and the RCV for each of the 38 analytes, as partitioned by age. Only 1 analyte, AST, had an index of individuality that exceeded 1.4. The majority of analytes examined (albumin, ALP, AGP, A1AT, ALT, amylase, AST, C3, C4, ceruloplasmin, cholesterol, CK, chloride, CRP, iron, GGT, haptoglobin, HDL-C, IgA, IgG, IgM, LDH, STfR, total protein, transferrin, uric acid, and urea) showed marked individuality, with II values of Ͻ0.6.
When comparing the pediatric cohort and adult populations, CV I and CV G components of 24 of 38 analytes (63%) were found to be consistent with adult values published in the Westgard database (Table 2 ) (12 ) . Four analytes showed marked differences, arbitrarily defined as a more than 50% reduction or more than 150% increase, in both within-and betweenperson variation between the pediatric and adult populations. Specifically, CRP values in the pediatric cohort demonstrated reduced CV I and increased CV G compared to adult values, GGT showed reduced CV I and CV G , and ceruloplasmin and glucose showed increased CV I and CV G (Table 2) . Additionally, 10 ana-lytes showed marked differences in either CV I or CV G . Specifically, AGP, AST, cholesterol, CK, HDL, IgG, and STfR had reduced CV I , sodium had reduced CV G , and iron and transferrin had increased CV G . Interestingly, for iron, the smaller CV I and larger CV G values seen in the pediatric population resulted in a smaller II (0.38 vs 1.14) (12 ) . As a consequence of the differences observed in CV I , the pediatric RCV was lower than that of adult populations for AGP, AST, CK, CRP, GGT, and STfR, whereas it was increased for ceruloplasmin and glucose.
To provide a guide for analytical quality specifications for pediatric testing based on biological variation, we calculated optimal, desirable, and minimal analytical goals for imprecision, bias, and total allowable error (Table 3 ) and compared them with adult specifications ( Table 2 ). The total allowable error based on biological variation characteristics was reduced by more than half of that allowed for adult populations for CK (14.3% vs 30.3%, pediatric vs adult, respectively) and STfR (6.8% vs 17.4%); it was increased to Ͼ150% of that allowed for an adult population for ceruloplasmin (15.1% vs 7.9%) and glucose (13.1% vs 7.2%).
Discussion
Biological variation and its application in serial results monitoring and analytical goal establishment has been widely examined in adult populations. However, there is no literature available exploring biological variation Numbers on the y axis refer to the study participant identification numbers, with children sorted by ascending age. The range of values for each child is indicated by the box-and-whisker plot. (A), Representative analytes for which within-and/or between-person biological variation change with age in a pediatric cohort. Dark grey shading indicates that the age partitions determined by prior CALIPER reference interval studies (7 ) significantly affect estimates of CV I and/or CV G . (B), Representative analytes for which within-and/or between-person biological variation do not change significantly with age in a pediatric cohort. Light grey shading indicates that the age partitions determined by prior CALIPER reference interval studies (7 ) did not significantly affect estimates of CV I and/or CV G . Continued on page XXX in a pediatric population. As a consequence, pediatric laboratories have been obliged to adopt RCV and analytical quality goals based on adult cohorts. In the absence of data on biological variation, the clinical pediatric laboratory has been unable to provide a complete picture of the dynamic changes expected for analytes in the pediatric population. This is especially crucial given the many changes associated with childhood and teenage development. Previous CALIPER studies have highlighted the substantial differences between pediatric and adult reference intervals (7, 15, 16 ) and the effects of fasting and sampling time in a pediatric cohort (8 ) . However, addressing this gap in information relevant to the pediatric population presents particular challenges, including the acquisition of samples and the necessary introduction of age partitioning to provide an accurate estimate of CV G . By examining the short-term biological variation of 38 chemistry analytes in a pediatric cohort, we have made the first steps to fill this gap in pediatric laboratory medicine. The age partitions established in previous CALIPER studies were tested in this analysis and it was determined that age partitioning was required for 6 of the 38 analytes examined, specifically, ALP, AST, creatinine, LDH, phosphate, and uric acid (Fig. 1A) . The CV I and CV G estimates in this pediatric population were found to be largely consistent with those for adults. A reduced CV I was observed for 9 analytes, but this may have resulted from the short-term nature of this study. Previous studies have determined that measurements made 24 h apart had smaller CV I values than those taken at intervals of 4 days or longer (17 ) . Additionally, an increased CV G for pediatric vs adult populations was observed for 5 analytes, which may indicate a need for further age and/or sex partitioning, as previously demonstrated by reference interval studies (18 ) . Only 4 analytes, CRP, GGT, ceruloplasmin, and glucose, showed marked differences in both within-and between-person variation in the pediatric vs the adult populations (Table 2) .
CRP presented with a reduced CV I (19.3% vs 42.2%) and a larger CV G (125.4% vs 76.3%) in the pediatric population. This increase in CV G largely resulted from 5 children with median CRP concentrations greater than approximately 1.5 mg/L (Fig. 2) . Although the reason for the increase in CRP in these individuals remains unknown, the findings are consistent with NHANES (National Health and Nutrition Examination Survey) data for 10-to 15-year-old children, in which 15% of children had CRP values between 0.9 and 2.7 mg/L and 10% had values Ͼ2.7 mg/L (19 ) .
GGT demonstrated a reduced CV I and CV G (Fig.  2) . Because increases in GGT in adults are known to be nonspecific, with modest increases noted in conjunction with various common metabolic risk factors such as increased blood pressure and decreased HDL-C (20 ), the tighter biological control of GGT observed in children may be partially explained by an absence of these subclinical conditions.
Interestingly, glucose presented with increases in both CV I and CV G relative to adult populations (Fig.  2) . These increases are believed to be due to the more prominent effect of fasting on glucose homeostasis in children. In comparison to adults, children are more prone to decreases in plasma glucose and increases in 
Reduced variation compared to adult cohorts (pediatric CV/adult CV Ͻ0.5). e Increased variation compared to adult cohorts (pediatric CV/adult CV Ͼ1.5). ) and a modest increase in CV G (38.9% vs 23.2%), the II of iron was reduced from 1.14 to 0.38 (adult vs pediatric) (Fig. 2) . Consistent with the reduction in CV I , it has previously been shown that infants and young children lack the diurnal variation of serum iron due to the absence of a sustained period of sleep (22 ) . Furthermore, the discrepancy in CV G may be explained, in part, by the fact that iron deficiency is common in the pediatric population, with females aged 12-19 years at especially high risk for anemia (23 ) . The observation that the CV G for a related analyte, transferrin, was also markedly increased in the pediatric population (10.8% vs 4.3%) suggests substantial variations in pediatric individuals with respect to iron status. Future long-term studies will be needed to explore whether or not this observation persists when the duration of the sampling period is increased.
The need for properly established analytical goals, and the consequences that result from a lack thereof, have been well documented (3, 4, 6, 24 ) . As such, it was necessary to determine whether any differences exist in the laboratory test quality specifications required in the pediatric population compared with those in the adult population. Our analysis revealed that 4 analytes showed discernible differences in TE between the adult and pediatric populations: CK and STfR in the pediatric population had a decreased TE compared with the adult population, whereas ceruloplasmin and glucose had an increased TE (Table 2 ). It should be noted that interpretation of these results should take into consideration the clinical context and the downstream effect of clinical misclassification. For example, as a consequence of the increase in both components of biological variation, the calculated TE for glucose increased from 7.2% to 13.1%. However, we argue that the observation of increased susceptibility to hypoglycemia in pediatric individuals suggests the need for accurate and precise glucose measurements in this population, particularly at low concentrations.
In terms of the II, it has been argued that analytes with II values of Ͻ0.6 show a high degree of individuality and, therefore, the RCV as opposed to a reference interval should be used to assess the patient. On the other hand, analytes with II values of Ͼ1.4 show very little individuality and, therefore, the use of reference intervals is deemed to be appropriate (6 ) . Analysis of the samples obtained from this pediatric population revealed that only 1 analyte, AST, had an II value that exceeded 1.4, whereas 27 of the 38 analytes examined had an II value below 0.6. Of particular interest, the reduction of II for iron to 0.38 suggests further investigation of the utility of an iron reference interval for clinical decision-making in a pediatric population. Although it may be appropriate to further examine the usefulness of population-based reference intervals in cases in which the II falls below 0.6, it is also important to consider the clinical context in which the analyte is likely to be used (25 ) . In many cases, a pathological state would result in a dramatic increase in analyte concentration that would clearly fall outside of the established reference interval. For example, bilirubin has an II value of 0.74, which falls only slightly above the 0.6 cutoff, showing a fair degree of individuality. Reference intervals derived from a sample of healthy children indicate that total bilirubin for children of ages birth to 14 days should fall between 0.19 and 16.60 mg/dL, and for children ages 15 days to 1 year, total bilirubin should fall between 0.05 and 0.68 mg/dL (7 ). Cases of kernicterus have rarely been reported in neonates with bilirubin concentrations of Ͻ25 mg/dL and are not reported in neonates with bilirubin peak concentrations of Ͻ20 mg/dL (26 ) . These clinically relevant values far exceed the reference intervals established, and it is unlikely that, despite the small II value for bilirubin, a clinical diagnosis based on bilirubin concentrations would be adversely affected by comparison with a population-based reference interval. Therefore, it is important that measures like II, as well as clinical context, be taken into account when interpret- ing results and determining a course of action for the patient in question.
Finally, it is important to note certain limitations of our study. First, previous CALIPER studies have determined that, for the creation of reference intervals, certain analytes (e.g., creatinine, albumin, and ALT) show sex differences and, therefore, must be partitioned accordingly (7, 16, 27 ) . However, due to sample size limitations, we were unable to assess the appropriateness of partitioning CV I and CV G by sex. Largerscale studies will be needed to determine the role of sex in biological variation for these analytes. Second, owing to the sample size of our study and the need to run samples in batches over several days, our protocol introduced components of between-run analytical imprecision into estimates of CV G which were removed mathematically. Third, owing to the challenges associated with obtaining pediatric samples, this study was restricted to a single day. Therefore, calculations such as analytical quality values or RCV might be relevant only for repeat samples collected within the same timeframe. Fourth, in comparing the pediatric estimates of CV I to those of adult populations, it was assumed that the within-person biological variation in a single day would be representative of long-term variation. Although we attempted to account for some effects of diurnal variation and fed/fasting-related variation by sampling in a fasting and postprandial state, the estimates of CV I are likely smaller than what would be obtained from a study of longer duration. Lastly, given the short-term nature of this study, preanalytical sampling variation may contribute significantly to the variation observed. Future long-term studies will be needed to confirm the findings described herein.
In conclusion, this is the first study to analyze the components of biological variation in a healthy pediatric cohort. We have derived estimates of RCVs and quality indicators for precision, bias, and total allowable error. Future studies are needed to refine our estimates of the components of biological variation in pediatric populations, to extend our analysis of shortterm biological variation to longer time periods, and to increase the sample size investigated.
